Fouling characteristics of aerobic submerged membrane bioreactors were analysed under two different membrane materials. Polyethersulfone (PES) membranes were found to foul faster at sub-critical flux than polyolefin (PO) membranes. Physico-chemical characterisation, by means of comparison of extracellular polymeric substances (EPS) and soluble microbial products (SMP) concentrations, as well as the mixed liquor suspended solids (MLSS) concentration were unable to explain the differences in membrane fouling of the contrasting membrane materials.
INTRODUCTION
Membrane bioreactors (MBRs) are systems that combine a biological treatment process with a physical filtration process by means of a membrane module. MBRs have recently begun to gain acceptance as one of the best water and wastewater treatment methods for the production of clean and high quality, and is beginning to gain prominence in the world market as more MBR treatment plants are operated (Le-Clech et al. 2006) . While the prospects of continued growth of MBRs in the industry remains good, teething operation problems such as membrane fouling, which inevitably increases operation and maintenance costs, and the low volume of permeate produced per unit membrane surface area remain challenges towards even greater acceptance. Such problems increase operational costs, which deter lowly and under-developed countries from adopting such advanced treatment systems when these are the areas that require the best water and wastewater treatment facilities due to heavily polluted rivers and groundwaters.
Many factors have been shown to affect the rate and propensity of membrane fouling. As shown in the previous chapters, flux and solids retention time (SRT) are just two of the many operating variables that affect membrane fouling by altering physico-chemical characteristics and the fouling layer on membrane surfaces. Physico-chemical parameters such as soluble microbial products (SMP) and extracellular polymeric substances (EPS) concentrations, and mixed liquor suspended solids (MLSS) concentration have been shown by various research groups to affect membrane fouling (Nagaoka et al. 1998; Cicek et al. 1999; Cho & Fane 2002; Rosenberger & Kraume 2002; Chang & Kim 2005; Rosenberger et al. 2005; Lee et al. 2007) . While some form of a general trend was gleaned from the studies, the many conflicting reports due to differences in operating conditions, influent characteristics, membrane configuration and characteristics resulted in confusion on optimised MBR operating conditions, and membrane fouling mitigating measures.
With operational and biomass characteristics, membrane material affects fouling as well. Membranes with the same nominal pore sizes but with different structural morphology were observed to undergo different fouling behaviours (Fang & Shi 2005) . Polymeric membranes consist of a network of polymeric fibres that result in a highly interconnected pore structure that creates a fairly wide pore size distribution. Track-etched membranes, on the other hand, have straight through cylindrical pores that are more or less uniform in size and distribution. Therefore, the use of both materials results in differences in membrane fouling. Ho & Zydney (1999) demonstrated that membranes with straight-through pores (track-etched membranes) caused a more rapid decline in filtrate flux since pore blockage completely eliminates fluid flow through the blocked pores. In contrast, membranes with interconnected pores caused relatively little decline in filtrate flux since fluid is able to flow around and under the blockage.
While membrane morphology may not be altered easily, surface characteristics through specific coatings or modifications may alter the roughness and hydrophobicity of the membrane. Surface characteristics are extremely important for the initiation of membrane fouling (Kilduff & Karanfil 2002) . Fouling occurs on the micro-scale and characteristics in that range are vastly different from those in the macroscale and vary greatly with changes in surface roughness. The roughness characteristics of a membrane surface may change the surface forces by orders of magnitude, altering a hydrophilic surface to one that repels water (Tansel et al. 2006) . Interactions with foulants such as activated sludge flocs and biomolecules depend on the altered surface characteristics. While it has generally been agreed that membranes with a smoother surface, is more hydrophilic and less susceptible to membrane fouling, the mechanism in which fouling is initiated and developed has not been clearly shown. More fundamental understand in this area will shed light on possible fouling control strategies.
MATERIALS AND METHODS
Two identical MBRs were initially operated for 40 d for sludge acclimatisation. A flat sheet polyolefin (PO) membrane module and a flat sheet polyethersulfone (PES) membrane module, both with nominal pore sizes of 0.45 mm was immersed into each MBR. The DO concentration was maintained at 3.5 mg/L, and the pH controlled at 7.2^0.2. Synthetic wastewater was supplied continuously to the MBRs. The composition of the wastewater is shown in Table 1 . Permeate flux was set at 14 L/(m 2 h).
Intermittent suction with a cycle of 8-min run and 2-min pause was carried out for permeate production. Hydraulic retention time (HRT) was set at 6 h and the SRT was set at 20 d. After 40 d of acclimatisation, the old membranes were replaced with new ones. The MBRs were then operated continuously under the same conditions until either of the MBR reached a TMP value of 30 kPa. After which, the MBRs were seeded with fresh sludge and the cycle was repeated twice more.
Physico-chemical analyses
MLSS concentrations were measured according to the analytical methods described in the Standard Methods (APHA AWWA and WEF 2005). The extraction of EPS from the activated sludge was carried out by the heating method (808C; 10 min). Subsequently, the concentrations of proteins and polysaccharides were measured by the Lowry method (Lowry et al. 1951 ) and the phenol-sulphuric acid method (Dubois et al. 1956 ), respectively.
Staining of organic fouling layer and confocal laser scanning microscopy
The new membrane, immersed in the reactors at day 41, was sectioned at pre-defined times of 1, 6, and 24 h and the membrane sections containing the organic fouling layer were stained as described in other studies related to biofilm analysis using CLSM (Neu & Lawrence 1999; Strathmann et al. 2002) . The bacteria in the fouling layer was stained with Syto 9 specific to nucleic acid, fluorescent-labelled lectins specific to polysaccharide, and Sypro Orange specific to protein (see Table 2 ). After staining, the fouling layer was immediately observed using a CLSM system. The magnification used was 100X. In all cases, the optical section was obtained through a step-wise increase of 1 mm.
Quantification of structural parameters
The series of CLSM images, taken at 15 pre-defined locations of the membrane, were input into ISA-2 for the calculation of structural parameters. The selected parameters to describe the changes of the fouling layer were porosity and bio-volume.
RESULTS AND DISCUSSIONS
Membrane fouling performance Differences in membrane fouling can be observed by the relative increase in TMP. The TMP profiles of the MBRs are presented in Figure 1 . MBR PES-sub-20d exhibited lower TMP than MBR until the 44th d of operation. Thereafter, the TMP rise in MBR PES-sub-20d was extremely rapid, and exceeded 30 kPa on the 70th d of operation, while the TMP value of MBR was only 18 kPa. Since operating conditions in both of MBRs were identical, the differences in the TMP profile, and thus membrane fouling could be attributed to the membrane material.
Upon reaching a TMP of at least 30 kPa, and at the end of the experimental runs, the membrane modules were removed and subjected to chemical cleaning with sodium hypochlorite. It was found to be effective in recovering the permeability of the fouled membranes. Up to 95% recovery was observed in MBR . This contrasted with the recovery of 90% for MB . The results suggested that PES membranes were marginally more affected by inorganic fouling in this study.
Effect of physico-chemical parameters on membrane fouling

Mixed liquor suspended solids concentration
If MLSS concentration was a main contributing factor to membrane fouling propensity, both MBRs operated at subcritical flux conditions regardless of the membrane material used, should foul at the same time since the MLSS concentrations in both MBRs were observed to be similar. However, the expected fouling trend was not observed. MBR PES-sub-20d was found to foul faster than MBR . It could then be concluded that the difference in membrane fouling was brought about by the differences in the membrane material used. Therefore, changes in the fouling layer were more critical in describing membrane fouling that can be understood by comparing MLSS concentrations.
Soluble microbial products and extracellular polymeric substances concentrations
The average protein and carbohydrate concentrations of the six MBRs are shown in Tables 3 and 4 , respectively. Protein and carbohydrate concentrations were quantified from the permeate (PMT P , PMT C ), SMP (SMP P , SMP C ) and EPS (EPS P , EPS C ). Due to the characteristics of the synthetic wastewater used, the presence and detection of protein and carbohydrates in the mixed liquor could be attributed mainly to microbial processes in the MBRs. Based on EPS at the same operating conditions, regardless of the membrane material used, were different. This was not unexpected since biomass characteristics are generally determined by the operating conditions and not the membrane material used. Therefore, differences in membrane fouling propensity and rates based on membrane materials could not be identified from these parameters. As such, the differences in fouling mechanisms of PO and PES membranes could not be understood. This is significant as comparison of membrane fouling between different membrane materials cannot be conducted based purely on physico-chemical parameters only. Differences in the mechanism would be best described by characterisation of the foulants on membrane surfaces instead.
Micro-structural characterisation
Bio-volume Figure 2 shows the temporal variation in bio-volume (BV) of cells (BV cells ) on the membrane surfaces of the various MBRs. As was expected and observed in all MBRs, the BV of cells found on the membrane surfaces increased with time. Figure 2(a, b) show the temporal variations in BV cells of MBR and MBR PES-sub-20d , respectively. While no cells were detected on PO membranes after the 1st h of operations, a significantly higher amount was observed on PES membranes. Cells were detected at the 6th h of operation in MBR , and BV cells in the MBR were greater than in MBR . Increases in MBR PES-sub-20d , thereafter, were statistically insignificant until Day 14, when the BV started to increase more rapidly. However, it was only after the 28th d of operation did BV cells in MBR become greater than that found on membranes in MBR . Evidently, membrane fouling mechanism in MBR PES-sub-20d was distinctly different from MBR and from MBR PES-super-20d and MBR . PES membranes were more susceptible to the attachment of cells than PO membranes, especially in the initial stages of operation. This was highly surprising as hydrophilic membranes were reported to be less susceptible to biofouling than more hydrophobic membranes (Tansel et al. 2006 ). Yet, in this study PES membranes were found to be more hydrophilic than PO membranes, but were more susceptible to biofouling. It was only at the later stages that membrane fouling became more severe in PES membranes than in PO membranes, and this could be attributed to other factors as differences in the membrane materials were more significant on virgin membrane surfaces. After conditioning of the membrane surfaces, fouling development could subsequently develop due to the conditioning layer, which developed due to the membrane material. Therefore, while the membrane material mainly affected conditioning fouling, it would indirectly affect subsequent membrane fouling based on the conditioning layer on the membrane surfaces. Other foulants, such as protein and polysaccharides would then have to be considered concurrently in order to understand the differences in membrane fouling development. Figure 3 shows the temporal variation in protein biovolume (BV proteins ) for the MBRs. It was found that PES membranes were more susceptible to protein fouling than PO membranes. At all sampling times, and in all MBRs, regardless of the flux conditions, BV proteins detected from PES membranes were greater than that detected from PO membranes. With a higher rejection more proteins would be concentrated near the membrane surface within the concentration polarisation layer, and coupled with constant suction pressure, protein molecules would be able to adhere more effectively onto PES membrane surfaces, even though protein binding was supposed to be lower than PO membranes. Figure 4 shows the temporal variations in polysaccharide BV (BV polysaccharides ) of the MBRs. Initial attachment of polysaccharides onto PES membranes was significantly greater than that onto PO membranes at all flux conditions as evident from the 1st h data obtained. PES membranes were more hydrophilic than PO membranes. As such, it was inevitable that hydrophilic compounds, such as polysaccharides, adhere more readily onto PES membrane surfaces (Zator et al. 2007 ). Yet, subsequent development of polysaccharides in the fouling layer on PES membranes was much slower. This could be due to the vast differences in the conditioning layer, induced by differences in the material. The conditioning layer was dominated by protein molecules on PO membranes, while the conditioning layer was composed of all targeted constituents on PES membranes. These differences in the conditioning layers ultimately led to a divergence in fouling mechanisms observed in the MBRs. Increases in TMP were observed increase with the BV of all foulants, but followed more closely to increases in both BV proteins and BV polysaccharides . An increase in the BV implies that more foulants were found attached onto the membrane surface. Such layers provide added barrier against smooth flow of water through membrane pores. These results show that initial fouling was more severe on PES membranes with a greater variety of foulants and BV than PO membranes. Thus, subsequent fouling development was enhanced by the complex conditioning layer and the MBRs generally reached the cut-off TMP values earlier than MBRs with PO membranes.
Porosity
Figures 5 -7 show the temporal variations in porosities of the different fouling constituents targeted in the MBRs. There was a general decrease in P over time as the MBRs were operated. This corresponded to the in BV on the membrane surfaces, and implied that the porosity was affected by the amount of foulants on the surface. Variations in the trends of the four constituents targeted showed the differences in fouling mechanism and the importance of each foulant on membrane fouling. All three constituents showed higher P values on PES membranes than on PO membranes until Day 49 of the operations. Thereafter, the P values of the three foulants decreased rapidly with an increase in TMP as well. At the end of the experimental runs, it was found that the protein fraction had the lowest porosity in all MBRs except MBR , in which the polysaccharide fraction was found to be of the lowest porosity. The protein fraction affected the rise in TMP and thus membrane fouling more adversely than other fouling constituents. This corresponded to the low P values in the protein fraction of MBRs with PO membranes. It was of the second lowest porosity in MBR and indicated that the protein fraction contributed significantly to membrane fouling in PES membranes as well. 
